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Proteins are targets of reactive nitrogen species such as peroxynitrite and nitrogen dioxide. Among the various amino acids in proteins, tyrosine
and tryptophan residues are especially susceptible to attack by reactive nitrogen species. On the other hand, protein tyrosine phosphorylation has
gained much attention in respect to cellular regulatory events and signal transduction. Peroxynitrite-mediated nitration of peptide YPPPPPW and
phosphopeptide pYPPPPPW were studied at pH 7.4. The predominant nitrated products were separated and identified by reverse phase high
performance liquid chromatography coupled with electrospray ionization mass spectrometry (LC-MS). The nitration sites were established by
tandem electrospray ionization-mass spectrometry (LC-MS/MS). A regulatory effect of tyrosine phosphorylation/dephosphorylation on peptide
nitration was observed. YPPPPPW was predominantly nitrated at tyrosine residue while pYPPPPPW was nitrated at tryptophan one. Our results
can help in understanding the biochemical significance of the relationship of tyrosine phosphorylation and nitration in proteins.
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Peroxynitrite anion (ONOO−), a product of the rapid reaction
of nitric oxide (NO·) with superoxide(O2
−·), is a toxic by-product
of normal aerobic metabolism. Peroxynitrite is a potent and
versatile endogenous reactant that can attack a wide range of
biological molecules, including lipids, DNA, and proteins [1–4].
Peroxynitrite reacts with various amino acids in protein espe-
cially tyrosine, tryptophan, cysteine and methionine [5]. The
reactions of tyrosine with peroxynitrite have been extensively
investigated, and 3-nitrotyrosine has been identified as a major
product [6–8]. The biological significance of tyrosine nitration
is a subject of great interest because ample evidence supports the
formation of 3-nitrotyrosine in vivo in diverse pathological
conditions such as Parkinson's disease and atherosclerosis [9–⁎ Corresponding author. Tel.: +86 10 62794258; fax: +86 10 62781695.
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doi:10.1016/j.regpep.2007.06.01111]. In addition, preliminary reports have shown the reversibility
of tyrosine nitration and its role in signal transduction [12,13].
The reactions of tryptophan with peroxynitrite have also been
extensively studied and nitrotryptophan has been identified as a
major product [14–16].
On the other hand, protein phosphorylation/dephosphoryla-
tion is the most commonly observed reversible modification
[17]. Among the amino acids which can undergo phosphory-
lation, tyrosine is singularly important because activation of
tyrosine kinase is the first event in many cell signaling pathways
and in cell cycle control. Recently, the relationship between
tyrosine phosphorylation and tyrosine nitration has gained
much attention and peroxynitrite-mediated tyrosine nitration
has been shown to influence tyrosine phosphorylation-mediated
signal transduction [18]. Peroxynitrite has also been reported to
rapidly increase tyrosine phosphorylation of platelet proteins in
platelet and p120 Src substrate in SH-SY5Y cells [19,20]. On
the basis of experiments in vitro, investigators have previously
Fig. 1. The HPLC chromatograms of peroxynitrite treated peptide YPPPPPW (a)
and phosphopeptide pYPPPPPW (b).
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might be mutually exclusive [21,22]. Chock et al. found Lym-
phocyte-specific tyrosine kinase failed to phosphorylate nitrated
cdc2(6-20)NH2 peptide [23]. However, up to now, the role of
tyrosine phosphorylation on protein nitration has been poorly
understood. Herein we used synthetic peptide YPPPPPW and
phosphopeptide pYPPPPPW to investigate the biochemical sig-
nificance of tyrosine phosphorylation on peroxynitrite-mediated
peptide nitration. LC-MS and LC-MS/MS were employed to
establish peptide nitration and identify nitration sites of the model
peptides. A regulatory effect of tyrosine phosphorylation/de-
phosphorylation on peptide nitration was observed.
2. Materials and methods
All Fmoc protected amino acids were obtained fromFluka. All
other reagents were analytical grade. Peptides were synthesized
on Fmoc–Wang resin using the standard Fmoc/t-Bu chemistry.
Phosphotyrosine was incorporated as Fmoc–Tyr(PO3H2)–OH.
The peptides and all protecting groups were cleaved from the
resin with TFA-containing phenol (5%), thioanisole (5%),
ethanedithiol (2.5%), and water (5%) for 2 h. The crude peptides
were purified by reverse phase HPLC using an ODS-UG-5
column (Develosil) with a linear gradient of 10% to 70% ace-
tonitrile containing 0.06% trifluoroacetic acid. The integrity of
peptide and phosphopeptide was confirmed by ESI-mass spec-
trometry. Peroxynitrite was prepared by the procedure described
by Hughes and Nicklin [24]. The peroxynitrite concentration of
stock solution was determined by UVabsorbance spectroscopy at
302 nm in 1.2 M NaOH solution [25].
YPPPPPW (1.0 mM) and pYPPPPPW (1.0 mM) were
dissolved in 100 mM sodium phosphate buffer (pH 7.4),
respectively. Peroxynitrite with ultimate concentration of 9 mM
was added to the buffer and kept at room temperature for less
than 1 hr, respectively. The reaction mixture was desalted by
RP-HPLC, lyophilized and redissolved in 2 ml deionized water
and then subjected to LC-MS analysis and LC-MS/MS analysis.
HPLC separations were performed on an Agilent 1100 series
using a hypersil BDS-C18 column (4.6 mm×300 mm) equili-
brated with solvent A (0.06% TFA in water). The samples (20 μl)
were typically injected into the HPLC column. The flow rate was
0.6 ml/min. The elution gradient was 10–70% solvent B (0.06%
TFA and 80% acetonitrile in water) in 40 min. The detection
wavelength of the UV detector was 275 nm. Mass spectra were
obtained using a Bruker Esquire-LC ion trap spectrometer
equipped with a gas nebulizer probe. Nitrogen was used as drying
gas with a flow rate of 12 L/min. The nebulizer was at 70 psi. The
capillary was typically held at 4 kV. The heated capillary tem-
perature was 350 °C. The scan range was from m/z 50 to 1100 in
positive-ion mode. The selected parent ions were analyzed by
MSn. The selected ion was first isolated and then fragmented
through collisions with helium to yield tandem mass spectra.
3. Results
The HPLC chromatogram of peroxynitrite treated YPPPPPW
is shown in Fig. 1a. The peak with retention time of 25.4 mincorresponds to peptide YPPPPPW, while the peaks with re-
tention times of 26.7 min and 28.1 min correspond to different
mononitrated products of peptide YPPPPPW. The mass spectra
associated with these chromatographic peaks are shown in Fig.
2a, b and c. Fig. 2a shows the ESI-Mass spectrum at elution time
of 26.1 min, the ion at m/z 853.8 represents peptide YPPPPPW,
and the ion atm/z 875.5 corresponds to the sodium ion adducted
YPPPPPW. Fig. 2b shows the ESI-Mass spectrum at elution time
of 26.8 min, the ion at m/z 876.3 also corresponds to the sodium
ion adducted YPPPPPW, the ion at m/z 898.3 corresponds to the
mononitrated product of YPPPPPW, and the ion at m/z 920.3
represents the sodium ion adducted product of mononitrated
YPPPPPW. Fig. 2c shows the ESI-Mass spectrum at elution time
of 28.1min, the ion atm/z 898.6 represents another mononitrated
YPPPPPW, and the ion at m/z 920.3 corresponds to its sodium
adducted ion. To determining the nitration site of the model
peptide, tandem mass spectrometry was employed on the
different mononitrated products. The ESI-MS2 spectra of the
ion at m/z 898.2 associated with the two different mononitrated
products are shown in Fig. 2d and e. Fig. 2d was associated with
the small chromatographic peak with retention time of 26.7 min,
while Fig. 2e was associated with the large chromatographic
peak with retention time of 28.1 min. The y⁎ ion series in Fig. 2d
is 45 Da higher than the y ion series in Fig. 2e, which indicates
that the y⁎ ions contain a nitro moiety but the y ions do not. In
turn we infer that the parent ion at m/z 898.2 in Fig. 2d
corresponds to the peptide nitrated at Trp, while that the parent
ion at m/z 898.2 in Fig. 2e corresponds to the peptide nitrated at
Tyr. Although nitration of both Trp and Tyr is observed, the
integrated chromatographic peak area of Tyr nitration is much
larger than that of Trp nitration (Fig. 1a). It indicates that Tyr is
the predominant nitration site of peptide YPPPPPW. Preference
for nitration at Tyr was confirmed by investigating the ESI-MS2
spectrum of peroxynitrite treated YPPPPPW directly (parent ion
m/z 898.2). Fig. 2f shows the ESI-MS2 spectrum of desalted
Fig. 2. (a) The ESI-MS spectrum at elution time of 26.1 min. (b) The ESI-MS spectrum at elution time of 26.8 min (c) The ESI-MS spectrum at elution time of
28.1 min. (d) The ESI-MS2 spectrum at elution time of 26.9 min, the results indicate nitration at Trp. (e) The ESI-MS2 spectrum at elution time of 28.4 min, the
results indicate nitration at Tyr. (f) The ESI-MS2 spectrum of precursor ion at m/z 898.4, YPPPPPWwas treated with peroxynitrite and desalted before ESI-MS and
MS2 study.
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indicates the existence of two distinct mononitration, but the
intensity of the y5 and y3 ions is much higher than that of the
corresponding y5⁎ and y3⁎ ions. Dinitrated product was not
detected in our work.
The HPLC chromatogram of peroxynitrite treated pho-
sphopeptide pYPPPPPW is shown in Fig. 1b. The peak with
retention time of 21.8 min corresponds to phosphopeptide
pYPPPPPW, while the peak with retention time of 23.2 min
corresponds the mononitrated product of pYPPPPPW. The mass
spectra corresponding to these two chromatographic peaks are
shown in Fig. 3a and b. Fig. 3a shows the ESI-Mass spectrum at
elution time of 22.1 min, the ion at m/z 933.7 represents
phosphopeptide pYPPPPPW, and the ion at m/z 956.3 cor-responds to the sodium ion adducted pYPPPPPW. Fig. 3b
shows the ESI-Mass spectrum at elution time of 23.3 min, the
ion at m/z 978.4 represents mononitrated product of phospho-
peptide pYPPPPPW. To determining the nitration site of the
model peptide, tandem mass spectrometry was also employed
on the mononitrated product. The ESI-MS2 spectrum of the
ion at m/z 978.4 is shown in Fig. 3c. The nearly complete y⁎ ion
series indicates nitration occupied at Trp. The chromato-
graphic peaks with retention times of 24.5 min and 26.6 min
correspond to unidentified molecules with m/z 931.2 and 799.6
(data not shown). The chromatographic peak area correspond-
ing to Trp nitration greatly increased when peptide YPPPPPW
was phosphorylated, while no chromatographic peak corre-
sponding to Tyr nitration was present. Phosphorylation and
Fig. 3. (a) The ESI-MS spectrum at elution time of 22.1 min. (b) The ESI-MS spectrum at elution time of 23.3 min. (c) The ESI-MS2 spectrum at elution time of
23.9 min, the results indicate nitration at Trp.
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mediated peptide nitration.
4. Discussion
The mechanisms of tyrosine nitration have been compre-
hensively studied in the literature [26]. Peroxynitrite-mediated
tyrosine nitration is generally associated with the O-centered
tyrosyl radical. However, there is still some controversy about
the mechanism of tryptophan nitration. Alvarez proposed that
nitration of tryptophan could occur via addition of a nitronium
ion-like species to the indole ring and elimination of a proton in
an aromatic electrophilic substitution [13], or by formation of
C-centered tryptophanyl radical at the indole ring followed by
addition of nitrogen dioxide [13]. Suzuki proposed that
tryptophan nitration might occur via formation of N-centered
tryptophanyl radical at the indole ring followed by addition of
nitrogen dioxide [14]. However, up to now no direct evidence
about the presence of these radicals existed. In our work, the
regulatory effect of tyrosine phosphorylation on model peptide
nitration supports the existence of O-centered tyrosyl radical
and N-centered tryptophanyl radical in peroxynitrite-mediated
nitration. Radiation-induced intramolecular electron transfer
reactions between tryptophan and tyrosine were reported many
years ago [27–29]. The rate constants of intramolecular electron
transfer reactions for the tryptophan–tyrosine pair (Trp·Tyr-
OH→TrpHTyrO·) are in the microsecond time scale [28,29].
The insertion of prolines between TrpH and TyrOH slightly
changed the intramolecular electron transfer rate but not its
efficiency [29]. This intramolecular electron transfer was
associated with the repair of N-centered tryptophanyl radical
by tyrosine. Our results indicate that an intramolecular electron
transfer reaction between Tyr and Trp might also happen in
peptide YPPPPPW nitration, this electron transfer would be also
associated with the repair of N-centered tryptophanyl radical.
The repair would then block Trp nitration in model peptideYPPPPPW, which can provide an explaination for the regio-
selectivity of peptide nitration. Tyrosine phosphorylation has
been reported to block O-centered tyrosyl radical formation
[30,31], which could in the end block tyrosine nitration and
tryptophanyl radical repair. This can help in explaining Trp
nitration, not Tyr nitration, in phosphopeptide pYPPPPPW.
In biological systems, protein nitration should be much more
complex than the model peptides in this work. Two major
pathways were proposed to be responsible for tyrosine and
tryptophan nitration in vivo[7,9,15,16]. Besides the nitrative
chemistry of peroxynitrite, another important pathway involves
the catalytic action of heme peroxidases (e.g.myeloperoxidase,
eosinophil peroxidase) using nitrite and H2O2 as substrates. Our
results in this work clearly showed the regulatory effect of
tyrosine phosphorylation/dephosphorylation on peroxynitrite-
mediated peptide nitration. However, for heme peroxidase
catalyzed peptide nitration, the reaction mechanism would be
different, the effect of tyrosine phosphorylation on peptide
nitration under this reaction condition needs further study and
identification.
In conclusion, our results definitely showed the regioselec-
tivity of peptide nitration by peroxynitrite and the regulatory
effect of tyrosine phosphorylation/dephosphorylation on pep-
tide nitration. The results might add new perspectives for the
understanding of the relationship and biochemical significance
of protein tyrosine nitration and phosphorylation in signal
transduction. Our results also shed light on the understanding of
peptide nitration mechanism.
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